Recruitment success of roach varied dramatically between 1979 and 1982 in Alderfen Broad, a small lake in eastern England. When fry were abundant (in 1979 and 198 1, but not in 1980 or 1982) the summer zooplankton became sparse and was dominated by copepods and rotifers. In years of good recruitment, as each of the preferred cladoceran prey species entered the diet of underyearling roach, its density dropped dramatically. Mean size of Daphnia hyalina and Ceriodaphnia quadrangula also declined significantly during these seasons. The results of enclosure experiments indicate that the link between roach recruitment and zooplankton dynamics is causal. Older roach also feed to a significant extent on zooplankton, but the 0+ age group exerted the greatest influence. The abundant underyearling roach in years of good recruitment showed poor growth, as a result of depression of their prey populations. Older fish also grew poorly in these years and were then less fecund in the following season. The evidence indicates that there may be a 2-year cycle in roach recruitment, and we describe the unusual circumstances in Alderfen which may be responsible.
It is now widely accepted that predation plays a critical role in determining zooplankton community structure in ponds and lakes. Highly selective predation by fish and zooplankton together determine which species of primary consumer can persist in limnetic regions and which are excluded or confined to refuges (Macan 1977; Zaret 1980) . Phenomena frequently attributed to heavy predation by fish include depressed zooplankton biomass, small individual size of plankters, and reduced representation of the vulnerable Cladocera (e.g. Brooks and Dodson 1965; Wells 1970; Hall et al. 1970; Hutchinson 197 1; Van Densen and Vijverberg 1982) . Investigators have commonly compared zooplankton communities in a series of water bodies naturally subject to different intensities of fish predation or have studied individual water bodies in which predation by fish has been manipulated experimentally or has changed dramatically after invasion by an exotic species. One aim of our study was to investigate the dynamics i This work was supported by grants from NERC (to M.C.) and SERC (to G.P.).
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3 Present address: Anglian Water, Yare House, Thorpe Rd., Norwich, U.K. of zooplankton and fish simultaneously to discover the extent to which fish recruitment, varying naturally from year to year, influences parameters of the zooplankton community in predictable ways. A second aim was to assess whether variations in the zooplankton feed back on growth and fecundity of the fish.
Alderfen Broad is a small (4.7 ha), shallow (mean depth 0.8 m, max 1.3 m), isolated lake in Norfolk, U.K. (National grid ref. TG 354196) . It has an even, semifluid sediment and was devoid of submerged macrophytes until near the end of our study. Roach, Rutilus rutilus (L.), and bream, Abramis brama (L.), are both important consumers of microcrustaceans in the broad. Rudd, Scardinius erythropthalmus (L.), tenth, Tinca tinca (L.), ruffe, Gymnocephalus cernua (L.), perch, Perca Jluviatilis (L.), and pike, Esox Lucius (L.), are also present and do take microcrustaceans, at least in their early life stages. However, all tend to include larger proportions of other invertebrate prey, or fish, in their diet than do roach or bream and most occur only at low densities. Our analysis here will concern only roach, the major predator of pelagic zooplankton in the broad. Both under-yearling and older bream tend to forage nearer the bottom than roach, and frequently at night, 1022 thus encountering few truly pelagic prey (Winfield 1983) .
We sampled pelagic zooplankton regularly from 1979 to 1982, and assessed recruitment, diet, and growth of underyearling roach, and relative abundance, spawning success, and fecundity of older year classes during 1979-198 1. Less intensive observations on fish were made in 1982 and 1983. Experimental manipulations in enclosures were carried out in 1982.
Early in 1979 a nutrient-rich input (derived from agricultural runoff and septic tank overflow) was diverted from the broad. This has had consequences for the broad's water chemistry and phytoplankton standing crop. We consider the extent to which these changes may have influenced animal populations.
Methods
Zooplankton sampling-Zooplankton was sampled from May 1979 to November 1982 with a Clarke-Bumpus sampler, stripped of the opening/closing mechanism, but retaining the flowmeter assembly. A net with 122~pm mesh was used until March 1980, when one of 45-bum mesh was fitted to enable quantitative sampling of rotifers (Likens and Gilbert 1970; Bottrell et al. 1976) . Estimates ofrotifer density made with 122-pm mesh were subsequently corrected according to retention efficiencies of 122-pm mesh with respect to 45-pm mesh (efficiency of retention by 122~pm mesh varied from 0.2% for Keratella cochlearis Gosse to 18.1% for Brachionus calicyflorus Pallas; see Cryer 1983 for details). Sampling frequency during 1979 was about fortnightly, for the rest of the study weekly or more often. On each occasion, two or more separate samples (total volume filtered, about 400 liters) were taken (by towing the sampler behind a dinghy rowed at about 1 m s-l) and immediately fixed in formaldehyde solution (final concn, 2-4% wt/vol). The growth of macrophytes in summer 1982 made use of the Clarke-Bumpus sampler impossible, and during this period samples were collected with an open-topped container (volume, 3.9 liters) as a point sampler. On each occasion, a series of samples was taken as the dinghy drifted downwind, and the aggregate sample (total volume, about 80 liters) was filtered through a 45-pm mesh cone suspended in water (to avoid damage to, and extrusion of small or fragile plankters : Vanucci 1968) . Estimates made by taking multiple point samples at the surface in this manner and by using the Clarke-Bumpus sampler gave very similar results in Alderfen Broad (Cryer 1983) .
Up to eight 5-ml subsamples (comprising up to 5-10% of the entire sample) were counted in 2-cm gridded dishes with an Olympus VMZ dissecting microscope at about 35 x magnification.
Coefficient of variation (SD/mean) varied between 10 and 30%. In certain cases, body length (maximum length, exclusive of spines, helmets, and setae) was measured in increments of 0.03 mm with an eyepiece micrometer. Standing crop biomass (mg dry wt liter-') was estimated by multiplying the density of each species or developmental stage by mean individual dry weight values given by Dumont et al. (1975) , George and Edwards (1976), and Bottrell et al. (1976) .
Taxonomy was based on the following: for rotifers, Pontin ( 1978) ; for copepods, Harding and Smith ( 1974) and Kiefer and Fryer ( 1978) ; and for cladocerans, Scourfield and Harding (1966) and Johnson (1952) (for Daphnia). A complete list of species from Alderfen Broad identified during the study is given by Cryer (1983) .
Roach sampling-Spawning was assessed by making systematic searches of the complete periphery of Alderfen Broad every few days during the spawning period of mid-to late May from 1979 to 198 1. No macrophytes were present during this period: the only possible spawning substrates were along the banks. The small number of spawning sites used by roach in a given year could be readily identified: each occurred where depth was at least 15 cm, in sites shaded by overhanging vegetation and protected from the prevailing southwesterly winds. Eggs were typically associated with finely divided roots of herbs or trees hanging or growing in the water. Each year, the sites were located, and their linear extent in meters was measured. Within each site, a small subsection of lo-15 cm was chosen at random; all the substrate was removed, together with attached eggs, and fixed in formaldehyde solution (final concn, 4% wt/vol). A small sample of eggs from each site was taken live for hatching and larval identification.
Under-yearling fish were sampled with buoyant nets with external collar diameter of 0.75 m (Bagenal 1974) . These nets are held collapsed on the lakebed by a heavy metal frame, across which are stretched elastic bands kept taut by a water-soluble ring. When the ring dissolves, the buoyant collar is released, bringing the conical net quickly to the surface. Buoyant nets were set approximately weekly throughout the summer or until catches declined to zero. Each survey, which lasted 1 or 2 days, consisted of between 8 and 16 randomly positioned transects of five nets placed regularly across the width of the broad (10 nets in some 1979 surveys). Sampling continued over complete 24-h periods, with pairs of transects set at regular intervals throughout the day and night. Usually 40 individual nets would be set in a 24-h period. Captured fish were identified and counted, their total body lengths measured, and their guts retained for diet analysis.
Older roach were sampled by complete perimeter electrofishing surveys in October of (with pulsed dc gear: Weiss 1977 . At this time of year, roach arc concentrated around the periphery of the lake and are conveniently taken with perimeter surveys. Electrofishing at other times of year always indicated similar population structures for roach, although catches were usually smaller. A constant effort was used on each survey, so numbers of fish in each age class on each occasion (catch per unit effort, CPUE) can be taken to represent their relative abundance in different years. The fork length of each roach was measured, and a sample was aged by scale-reading with a microfiche viewer. Information on sizes achieved after 1, 2, or 3 year's growth of fish captured as 2+ and over in October 198 1 was derived by back-calculation. This involves measuring the radius of the nucleus midpoint to the margin of the first annulus of a fish scale for size at 1 year (second annulus for size at 2 years, and so on). The fish length corresponding to the radius is derived from a previously determined relationship between fish length and scale radius (Bagenal 19 7 8) .
During summer 198 I, a sample of 0+, I+ , and a few 2 + and 3 + roach was taken for gut content analysis. In late April/early May of 1980 and 198 1, small samples of mature female roach were taken, by electrofishing, for fecundity analysis (Mackay and Mann 1969; Hancock 1979) . The fish were weighed before and after removal of the ovaries. Small subsamples of the ovaries were blotted dry, weighed, and the yolky eggs they contained counted.
Enclosure experiments -Three enclosures erected at Alder-fen Broad in 198 1 each consisted of a single sheet of 250-pm polythene wrapped around a frame (2.6 x 2.6 x 1 .O m deep) of 5-cm-square timber uprights with aluminum cross members and diagonal braces. At least 20 cm of the polythene was buried in the sediment and another 20 cm projected above the water. Tents of knitted flexible plastic mesh (25-mm aperture) were suspended 50 cm above each enclosure to preclude predation of enclosed fish by birds. Roosting birds were successfully deterred by 15-cm nails protruding from the top of each exposed upright. The size of the enclosures was a compromise between maintaining a natural plankton community (requiring as large a structure as possible) and expense, but is comparable with enclosures successfully used by others (e.g. 2 x 2 x 3 m: Kerfoot and DeMott 1980; l-m diam x 1.8 m deep : Lynch 1979) .
Zooplankton in enclosures was sampled with an open-topped container (capacity, 3.9 liters) after vigorous agitation; four such samples were taken from each enclosure each time. Zooplankton samples were concentrated in a filtering cone of 45-pm mesh suspended in water and fixed in formaldehyde solution (final concn, 2% wt/vol). Samples were counted separately, after which the four samples were pooled for measurements, in the case of cladoceran species, of body lengths, size at first reproduction, and fecundity. Before the start of an experiment, the polythene was lifted clear of the water to allow free mixing with water from the open broad. The enclosures were then secured and electrofished to ensure that no unwanted fish were present.
The first experiment in the enclosures was conducted in May 1982 before fry emeri gence. Our intent had been to assess the predatory impacts of underyearling roach and bream and the effect of releasing the zooplankton completely from fish predation. However, the bream died after 10 days, so that we compared the effects of roach predation with zero fish predation. Enclosure 1 contained two roach (about 50-mm fork length). Enclosure 2 was devoid of fish for the whole experiment. Enclosure 3 was devoid of fish for the final 17 days of the 27-day experiment (after the bream died). The predator densities were chosen to be close to the natural density of roach in the lake, estimated by Leah (1978) and Peirson (unpubl. data; see also Fig. 5 ) as about 20,000 individuals in 4.7 ha. The zooplankton community was analyzed after 27 days, with particular emphasis on various size parameters of Daphnia hyalina Leydig, an important prey item for roach of the size used. These data were compared with those obtained in the open water.
The second experiment was conducted in June 1982 to assess the predatory impact of roach fry. Enclosure 1 contained one roach (60-mm fork length). Enclosure 2 contained one roach (60 mm) plus 40 fry (total length, about 20 mm), a density chosen to be similar to that during a good recruitment year for roach, with some allowance for mortality due to handling. Enclosure 3 was devoid of fish. Yearling roach were placed in enclosures 1 and 2 to prevent dominance of the zooplankton by cladocerans too large for the young fry to capture. After 14 days, population densities were estimated of the three dominant cladocerans: D. hyalina, Ceriodaphnia quadrangula (Muller), and Bosmina longirostris (Muller). Mean individual length was also estimated of D. hyalina and B. longirostris after 14 days and C. quadrangula after 9 days (because density was too low after 14 days for a reliable estimate of mean length).
Experiments in enclosures were not replicated for reasons of cost and the counting time required, and thus these experiments do not strictly test the proposition that roach predation has predictable effects on the zooplankton community.
Statistical analyses were carried out on data from single enclosures, so that the error terms indicated are an estimate only of sampling variance, and statistical inferences made from such analyses strictly refer to a location effect rather than a treatment effect (Hurlbert 1984) .
Results
Zooplankton dynamics- Figure  1 a shows the estimated standing biomass of rotifers and microcrustaceans in the limnetic region of Alderfen Broad from 1979 to 1982. In general, there was a trend toward higher biomass in spring and summer, declining through autumn to low levels in winter. However, there were differences between years, especially during summer, and these become even more apparent when the proportions of total biomass contributed by various taxonomic groups are considered ( Fig. 1 b-f ). During the first half of each year, a consistent seasonal pattern is evident in which cyclopoid copepods dominated in winter and early spring, to be replaced by cladocerans and Calanoid copepods by early summer. In contrast, the late summer community varied greatly from year to year: in 1980 and 1982 comparatively heavy standing crops were dominated by cladocerans; in 1979 and 198 1, standing crops were lower and were dominated by copepods and small rotifers.
These differences within and between years are reflected in the size distribution of the community as a whole, and in their mean size. Mean individual dry weight (estimated by dividing total biomass by total density of all taxa combined: two-sample tests, a-corrected for multiple comparisons, but the maximum size of each distribution (assessed as mean size of the top 5% of individuals) was significantly different only for comparisons between odd and even years (one-way ANOVA, F3,148 = 18.33, P < 0.001, followed by StudentNewman-Keuls, SNK, a posteriori comparison of means : Prepas 1984 ). In contrast, the size distributions in summer varied markedly from year to year (Fig. 2b) . In 1980 and 1982 maximum sizes were 1.5 and 1.8 mm; in 1979 and 1981 the maximum size of individuals was only 1 .O and 0.9 mm, and the very smallest size class (< 150 pm) predominated (all size distributions significantly different by a-corrected Kolmogorov-Smirnov tests; ANOVA of mean lengths of the top 5% of individuals highly significant, F3 148 = 103.4, P < 0.001, SNK tests indicate highly significant differences, P < 0.01, for all comparisons between years). and mean length for the three principal cladocerans in Alderfen Broad. All three species tended to be more abundant during spring and summer than in the colder months, but there were differences between years. In 1979 and 198 1, D. hyalina disappeared from the plankton early in summer, with a mean length of about 0.6 mm recorded just before that in both years (Figs. 3a and 4a). In 1980 and 1982, it remained detectable through autumn, and a mean length ~0.7 mm was maintained throughout summer. Ceriodaphnia quadrangula appeared in spring each year, but the timing of its disappearance was variable, being earlier in 1979 and 198 l( when mean length fell below 0.35 mm before extinction: Figs. 3b and 4b) and later in 1980 and 1982, during which years mean length remained >0.4 mm. Finally, B. Zongirostris was detectable throughout the study, but it reached and maintained higher densities in 1980 and 1982. Only in summer 198 1 was this species reduced to fewer than one individual per liter (Fig. 3~) . Mean size in this, the smallest limnetic cladoceran, did not vary as widely as in the other two species, and remained at about 0.3 mm, except in 198 1 when mean length rose to >0.4 mm in mid-June, falling to ~0.25 mm by the end of August (Fig.  4c) .
Observations on roach relating to their interaction with Cladocera --The dates on which each of the planktonic cladoceran species became a significant component of the diet of 0+ roach (occurring in at least 20% of guts examined) in 1979-198 1 are indicated by arrows in Fig. 3 (no detailed diet analysis was performed in 1982). In 1980, the densities of planktonic cladocerans showed no clear response to fish predation. During I979 and 198 1, in contrast, as each species appeared in the diet it decreased markedly in density, starting with Broad to search for eggs and 0+ fish (to be there are no obvious declines in cladoceran used in unrelated laboratory studies) provided information that permits some tendensities at that time.
tative conclusions about recruitment. The -1979; hatched-1980; stippled-198 1. data strongly suggest that 0+ recruitment was good in 1979 and 198 1 and poor in 1980 and 1982.
The relative success of 0+ recruitment in a given year can be assessed from the strength of the year class in question when it achieves I+ (or 2+) status, 1 (or 2) years later (Table 1) . Thus, I+ fish contributed a significantly greater proportion of the catch taken during perimeter electrofishing surveys in 1980 (1979 year class) and 1982 (198 1 year class) than in 198 1 (1980 year class) or 1983 ( 1982 year class) (all differences significant at P < 0.001, x2 2 X 2 contingency tables). The pattern is still apparent when the fish reach an age of 2 + : much larger numbers of 2-year-old fish were caught, for the same fishing effort, in 198 1 (1979 year class) and 1983 (198 1 year class) than in 1982 (1980 year class).
Alderfen Broad was free of macrophytes during the spawning period between midand late May in all 4 years of the study, and roach laid their eggs on the finely divided roots of trees and herbs. Overall, 1981 appears to have been the best year for egg production, followed by 1979, and with very poor spawning success in 1980 (Table 1) . Less intensive searches in 19 82 yielded very few eggs, indicating that 1982 was also a poor year for egg production.
Cyprinid fry are notoriously diffcult to sample quantitatively, but buoyant net surveys revealed a pattern reasonably consis-tent with our estimates of spawning and recruitment success. Fry catches were always highest in 1979, and catches in 198 1 were higher than in 1980 (Fig. 5) . Catches declined to zero (for a 36-h survey setting 80 nets) 60 days after hatching in 1980, but not in the other 2 years. During 1982, various forays to the lake to obtain 0+ roach were singularly unsuccessful, indicating once again that 1982, like 1980, was a poor recruitment year for roach.
Experiments assessing the roach-cladoceran interaction-In the experiment to investigate the predatory impact of underyearling roach by releasing zooplankton from all fish predation, the following predictions were tested: in the absence of sizeselective roach predation, mean and maximum length of D. hyalina should increase; size at first reproduction (taken as the minimum size recorded for ovigerous individuals) and neonate size (taken as the minimum size for free-swimming individuals) should increase; density of cladocerans and their relative contribution to total zooplankton biomass should increase.
The results provide support for all these predictions (Table 2 ). In particular, mean length of D. hyalina was greater in both fishless enclosures than in the enclosure containing roach (ANOVA, F3,168 = 18.47, P < 0.00 1, followed by SNK tests). In addition, the higher densities achieved by the cladocerans in the absence of fish predation (AN-OVA, F2,6 = 17.30, P < 0.0 1, followed by SNK tests) almost certainly resulted in poor feeding conditions (the water became clear in these enclosures, but not in the one with fish), and this led in turn to a decrease in reproductive output and a switch from parthenogenic to sexual (ephippial) reproduction.
Fish predation in the open water appeared to be more intense than in the fishcontaining enclosure, since values for mean and maximum size, size at first reproduction, and neonatal size were all lower than in the enclosure.
The experiment to investigate the impact of 0+ roach fry on cladoceran populations in June tested the following predictions: in the presence of fry, population densities of the cladoceran species present should deCline, and the mean length of these species should also decline.
The results provide support for both predictions (Table 3) . When data from the enclosure containing 1+ roach (by June the fish had passed its birthday) are compared with those from the enclosure containing a 1 + roach plus 40 fq, in each case we must reject the null hypothesis of no difference in mean size or density. In the enclosure released from fish predation, mean lengths were higher than in either fish-containing enclosure, and the densities of D. hyalina and C. quadrangula, but not of B. longirostris, were also higher. The results from open water at this time of year were most similar to the single 1 + roach treatment.
Observations on diet, growth, and fecundity of roach in relation to zooplankton availability-The mean lengths of 0+ fish at the end of the growing season in October of each year are shown in Table 4a ; it is clear that the strong year classes of 1979 and 198 1, associated with low zooplankton standing crops, grew more poorly than the weak year classes of 1980 and 1982 (Oneway ANOVA, J&7 = 39.20, P -=l 0.001, SNK a posteriori comparison of means show a significant, P < 0.05, difference between all odd-even year comparisons). 1980 (and, less clearly 1982) also seems to have been a particularly good year for growth of 1 + and older fish, as indicated by lengths in October, and by instantaneous growth rates (Table 4b) .
There was a marked similarity in the diet of underyearling and older fish taken during summer 198 1. Older roach (2+ and 3 +: n = 8; 3 17 prey items) took a slightly greater proportion of macroinvertebrates than yearlings (n = 15; 945 prey items) and underyearlings (n = 93; 9,535 prey items) but the diets of all age groups were dominated by planktonic cladocerans (> 80% of all prey items belonged to this group for all three year classes). Overlap in diet can be quantified by means of the niche overlap index, D, of Pianka (1976) D= 1 -0.5 z lPxi -Pyi)
where PXi is the proportion of prey category i in the diet of age class X, and Pyi of age Table 2 . Mean values of various parameters of the Daphnia hyalina population together with percentage composition of the whole community in the open water of Alder-fen Broad and within three enclosures in May 1982: Enclosure 1 was stocked with two roach (50-mm body length) and the zooplankton sampled after 27 days; Enclosure 2 contained no fish throughout the whole 27-day period; Enclosure 3 had originally been stocked with two bream, but these died and the data were collected at the same time as those from open water and the other enclosures, but after a period of 18 days devoid of fish. Although imperfect, enclosure 3 is taken to be a replicate of enclosure 2. Statistical comparisons between enclosures 2 and 3 with 1 are one-way ANOVA followed by Student-Newman-Keuls a posteriori comparison of means for mean density and mean length; otherwise x2 contingency table tests. Note that because of insufficient replication of treatments, the results only show significant differences between locations; they do not prove a treatment effect (see Hurlbert 1984) . Despite the few data, significant product moment correlation coefficients were obtained between 0+ roach size at the end of each of the 4 years (mean weight in October) and mean zooplankton biomass during specific periods in the summer. In particular, there was very good correlation between fish weight and zooplankton biomass over the periods of July-August (r = 0.9992, P < O.OOl), August-October (r = 0.9975, P < 0.0 I), and July-September (r = 0.9960, P < 0.0 1). A significant correlation was also obtained with mean temperature only for the period July-August (r = 0.9690, P < 0.05), but this was not as great as the correlation with total zooplankton biomass during the same period and partial correlation analysis indicates that zooplankton biomass is indeed the more important variable (fish size vs. zooplankton biomass, excluding temperature, r = 0.996; fish size vs. temperature, excluding biomass, r = -0.860).
Fecundity data are limited to only four fish in 1980 and eight in 198 1 (Table 5 ). The 2+ fish in spring 198 1, following the good zooplankton year of 1980, were larger than their equivalents in 1980, following the poor zooplankton year of 1979. (Note that 2 + fish in spring 198 1 are the same group as 2 + in October 1980- Table  1 a.) The somatic weights and gonad weights of 198 1 2+ females were also correspondingly greater, largely accounting for an absolute fecundity more than three times as great as the 1980 2+ females (t-test, P < 0.02). Taking the data as a whole, mean number of eggs per gram of gonad was significantly greater in 198 1 (t-test, P < 0.00 1). Thus the results indicate a much higher absolute fecundity of fish in 198 1, partly because of greater body weight and partly because of a greater number of eggs per unit weight. These data are consistent with the hypothesis that, in the case of 2+ and older fish which are zooplanktivorous to some extent, zooplankton biomass in any one year influences ' fecundity the following year. 
Discussion
Impact of roach on zooplankton-The years 1979-1982 at Alderfen Broad were characterized by a progressive decline in nutrient status and a decline in mean summer phytoplankton biomass, estimated as chlorophyll a (Cryer 1983; Moss in press) , by the appearance of macrophytes in 1982 (mainly Ceratophyllum demersum L.) for the first time since the early 1970s and by alternation of good and bad years of roach underyearling recruitment. Each of these factors may have had some influence on zooplankton community dynamics, and their possible impacts are best considered in turn.
Declining nutrient status and phytoplankton standing crops would be expected to lead to declining zooplankton biomass (e.g. McCauley and Kalff 198 l) , in the absence of other effects. This did not happen, and fluctuations from year to year did not follow a consistent downward trend (Fig. 1) . Macrophytes tend to support a different assemblage of microconsumers than is present in open water (Smyly 1952 (Smyly , 1955 Gliwicz and Rybak 1976) , and thus any influence of macrophyte growth should be reflected in the composition of zooplankton samples. Figure If Alternation of year-class success in roach is better matched with the observed differences between years in zooplankton biomass and composition.
When fry were abundant, in 1979 and 198 1, the zooplankton community had the following characteristics: summer zooplankton was sparse ( Fig. la) and was dominated by cyclopoid copepods and rotifers (Fig. 2b) , which roach infrequently take as prey because of their elusive behavior or small size; mean individual dry weight of the zooplankton as a whole was generally low throughout summer and autumn (Fig. lg) ; densities of the preferred cladoceran prey species were low (Fig. 3) ; and mean lengths of cladoceran species were reduced (Fig. 4) . These are all predictable consequences of selective predation by underyearling roach. In contrast, years in which fry were scarce, 1980 and 1982, had zooplankton dominated by cladocerans, maintaining a high standing crop. Mean individual dry weight remained above 1 pg throughout both summers.
Further evidence of a relationship between underyearling roach predation and zooplankton dynamics comes from diet analysis, which shows that cladocerans are strongly preferred prey items (a detailed analysis is given by Winfield et al. 1983; Peirson 1983) . Furthermore, there is good evidence in years of strong recruitment that as each of the three cladocerans entered the diet of under-yearling roach they suffered a severe decline in density and mean length (the small B. longirostris first, followed by C. quadrangula and D. hyalina). The evidence referred to above is all of a correlative nature; however, this interpretation of a roach-zooplankton interaction receives support from the results of the enclosure experiments. In the presence of fish, cladoceran densities were lower, the mean size of individuals was reduced, and size at first reproduction and neonatal size were both lower. These results are all consistent with size-selective predation by roach on their preferred cladoceran prey.
Macroinvertebrates, filamentous algae, and macrophytes, which have often been recorded as important in the diet of older roach (e.g. Hartley 1947; Prejs 1976; Linfield 1980) , were rare in Alderfen Broad during the study period. Thus zooplankton comprised a significant proportion of the diet of older roach as well as of underyearlings. Despite this, it appears that 0 + , rather than older fish had the greatest impact on zooplankton dynamics. For instance, if 1 + fish were the most significant planktivores, good roach classes produced in 1979 and 198 1 should have resulted in sparse zooplankton and few cladocerans in 1980 and 1982. In fact, although the early spring zooplankton of these years achieved slightly lower maximum sizes than in 1979 or 198 1 (Fig. 2a) summer and autumn communities in 1980 and 1982 had a high standing biomass of relatively large individuals (Figs. 1 a  and 2b) . Thus the predicted impact of yearold fish may be evident early in the year before fq commence feeding, but from June onward, the zooplankton community assumes a character opposite to that predicted on the basis of a significant impact of 1 + roach. The close correlation in timing of declines in cladoceran populations with fry emergence in years of good recruitment also argues strongly for an influence by 0+ but not older roach. The probable reason for the lack of impact by 1 + and older roach is low population density: Alderfen Broad has a large pike population, and intense predation on roach in this relatively unstructured water body means that very few of them reach an age of 3 +.
Alderfen Broad and Zaret S model-Zaret (1980) proposed a scheme summarizing the effects of fish and invertebrate predation on the zooplankton communities of ponds and lakes, in which the intensity of fish predation ranges from 0 to +6. The results of the present study emphasize that predation intensity not only varies between water bodies but can also change dramatically in a given lake, both within and between years. According to Zaret's scheme, the situation in Alderfen Broad varied from about +2 in 1980 and 1982 (low intensity of fish predation, D. hyalina 0.8-1.8 mm predominating) to + 6 in summer 198 1 (high intensity of fish predation, B. longirostris 0.3-O. 5 mm the most common cladoceran).
Impact of zooplankton on roach -The results discussed so far suggest that roach have a profound impact on the zooplankton community in Alderfen Broad, but to what extent do year-to-year variations in zooplankton standing crop influence the growth of 0+ and older roach or the fecundity of spawning individuals?
The evidence is clear that during years of good recruitment, with their consequent low standing crops of zooplankton, the growth of underyearling roach is significantly depressed. This indicates that, in these years at least, underyearling roach are competing for the limited zooplankton prey, with a consequent negative effect on growth and, most likely, on individual fitness. The evidence is more equivocal in the case of older roach, but in the good zooplankton year of 1980, the size attained by older year classes was markedly greater than in 1979 and 198 1, and instantaneous growth rates were particularly high. Since there is generally a positive relationship between growth and fecundity (Mackay and Mann 1969; Nikolskii 1969; Papageorgiou 1979 ), a depression of growth rate in roach during years of heavy recruitment and poor growth would be expected to lead to lowered fecundity the following year. The limited data available for Alderfen Broad support this contention. The evidence is consistent with the operation of intraspecific competition between year classes of roach: they share a limiting resource, and the depression of zooplankton standing crop by underyearlings in good recruitment years seems to result in poorer growth in 1 +, 2+, and older fish. Conceivably, reduced growth in years of good recruitment could be the result of interference competition as well as exploitative competition, but this has not been previously reported for natural populations of shoaling cyprinids.
Is there a 2-year cycle in roach recruitment?-Alternation of year-class strength, with relatively poor even years and relatively good odd years, is a notable feature of these results. Other evidence also points to a 2-year cycle of roach recruitment in Alderfen Broad. First, earlier work on the zooplankton community (Leah 1978 ) is consistent with heavy fish predation in 1973 and 1975 (small standing crops, few cladocerans) and low fish predation in 1974 (large standing crop, Daphnia numerous). Second, back-calculations of length achieved as underyearlings by fish captured as 2 + and older in October 198 1 yielded the following: length of the 1978 year class was 5.8kO.06 cm (n = 16); ofthe 1977 year class, 5.5kO.08 cm (n = 18); and of the 1976 year class, 5.7kO.08 cm (n = 11). ANOVA indicates a significant added variance component due to years UL2 = 4.40, P < 0.05) and a significant difference between mean lengths in 1978 (SNK test) . There was no significant difference between lengths in 1977 and 1976, possibly due to the small number of specimens measured and the added variability introduced by the backcalculation method. All these data are consistent with an alternation of year-class strength: low 0+ density (high cladoceran density and good fish growth) in even years, and high 0+ density (low cladoceran density and poor fish growth) in odd years.
What could account for such a 2-year cycle in roach recruitment? A possible sequence of events is as follows. In the odd years, there was good recruitment of 0 + fish. These depressed zooplankton standing crops, especially of cladocerans. Since 1 +, 2+, and 3 + roach also feed extensively on cladocerans, their supply was depleted also, and growth of all age classes was depressed. As a result, fish of a given age were relatively small, and less fecund in the following season. The bulk of Alderfen's spawning population are very young fish, notably 2 + , and depression of fecundity may be expected to have a profound effect so that few eggs would be laid in the following even year. Low numbers of eggs produced few 0+ fish in the even years, which failed to depress zooplankton standing crops, and cladocerans remained numerous. Feeding conditions were good, and growth of young and older fish was good, leading to higher fecundity in the following odd year.
This apparent alternation of year-class strength by roach has not been reported elsewhere. Most studies point to a few very strong year classes (i.e. irregular recruitment) probably coinciding with favorable climatic conditions, separated by poor or nonexistent year classes (e.g. Hellawell 1972; Linfield 1980) . Why should the mechanisms proposed for Alderfen Broad apparently override any effect of varying climatic factors? The conditions necessary are unusual, and are as follows: strong competition for food between 0+ and older fish; a breeding population predominantly of young fish which share food resources with underyearlings; a 0+ age group which is potentially very prolific and able to exert a powerful negative effect on the common food resource (and a greater effect than older age groups); a food supply capable of consistent and rapid recovery when predation pressure is eased; and population fecundity as a major determinant of spawning success, which in turn must be the major factor controlling fry densities.
The large pike population in Aldcrfen Broad was very important in maintaining these conditions, in that pike seriously depleted the older year classes of roach. This reduced the impact of older fish on the zooplankton community (compared to underyearling predation) and resulted in the roach population reproducing at an early age (predominantly 2 + , or approaching 3 years old, in Alderfen). Similarly, the extreme homogeneity of the lake was important in that it denied older roach an alternative food to zooplankton (thereby increasing the degree of intraspecific competition with the 0 + age group) and rendered them highly susceptible to pike and bird predation.
The appearance of macrophytes in 1982 has been associated with greatly increased densities of macroinvertebrates, and in the future these may provide an alternative source of prey for older fish, thereby reducing competition between year classes. In addition, macrophytes may provide cover against pike predation on roach (Peirson et al. in press) , allowing them to survive to a greater age and size and reducing the dependence of spawning success on 1 -or 2-year classes of fish. These changes in conditions may well break the postulated 2-year cycle in the future.
